Three s-triazine herbicides (atrazine, simazine, and cyanazine) applied annually at 1.1 and 3.4 kg/ha to shortgrass range in northcentral Colorado, consistently increased protein concentration in range herbage for 3 years, 19 70-72. Overall, herbage yields were not affected. Spring applications were slightly more effective than fall applications. Atrazine and simazine were about equally effective. However, herbage treated with simazine retained protein better into fall and winter than that treated with atrazine. Cyanazine was the least effective. Increases in protein from the three herbicides were additive to increases from N fertilizer applied at 22 and 4. Over the past 20 years, s-triazine herbicides have been used effectively for weed control in a variety of crops, especially corn. The s-triazines control most annual grasses and many broadleaf weeds. Many of the s-triazines also increase N content of plants. Because protein concentration of range forage is often below nutrient requirements of cattle in the fall and winter months, increased concentration may increase livestock production. Furtick (1958) was among the first to report increased protein concentration of forage crops by herbicide applications.
Over the past 20 years, s-triazine herbicides have been used effectively for weed control in a variety of crops, especially corn. The s-triazines control most annual grasses and many broadleaf weeds. Many of the s-triazines also increase N content of plants. Because protein concentration of range forage is often below nutrient requirements of cattle in the fall and winter months, increased concentration may increase livestock production. Furtick (1958) was among the first to report increased protein concentration of forage crops by herbicide applications.
De Vries (1963) found that simazine (2-chloro-4, 6-bis( et hylamino)-s triazine) significantly increased N uptake by corn. Ries et al. (1968) reported increased N concentration and fresh weight of several forage grasses and legumes. Ries (1968) and Ries et al. (1968) suggested that species tolerant to simazine showed increased N only at high rates of application; whereas the N concentration of susceptible species was increased only by low rates of simazine, especially under conditions of suboptimal temperature and soil N. Allinson and Peters (1970) found that simazine increased protein concentration of several tolerant forage species without decreasing dry matter yields, but susceptible species showed the greatest increases. Over all species tested, the greatest increases in protein concentration were accompanied by the greatest decreases in yield. Eastin and Davis (1967) reported that 1.1 kg/ha of atrazine (2-chloro-4-ethylamino-6-isopropylamino-s triazine) increased total-N and nitrate-N concentration of several tropical field crops, but also decreased yields whether the species were tolerant or resistant to atrazine and whether in the field, soil, culture, or nutrient solution. They also pointed out the general inverse relationship between increased N concentration of plants and reduced yields. Kay (1971) found both increased plant protein and herbage yield of intermediate wheatgrass (Agropyron intermedium (Host) Beauv.) from atrazine over a period of 4 years. However, the increase in yield accompanied a considerable decrease in annual grasses. Houston and van der Sluijs (1973) found that annual applications of 3.4 kg/ha of atrazine in combination with 45 kg N/ha, applied in May or June, increased protein yield on rangeland during the summer an average of 142 to 148%. Their work was conducted on the same range site as the present study.
The mechanism by which triazine compounds influence plant protein, nitrate-N, and yield are not well understood. It is known that many physiological processes in the plant are altered by triazines. Differential metabolism of triazines appears to govern the susceptibility of the plant. This differentiation is related to ability of the plant to degrade the phytotoxic parent molecule (Shimabukuro, 1967) . Also involved are the rates of absorption, translocation, and accumulation of the compounds (Sheets, 1961) .
Triazine-treated plants have shown increased total-N and nitrate-N and increased nitrate reductase activity (Ries et al., 1967) . Increased nitrate reductase activity is usually associated with increased protein formation and decreased nitrate-N (Hageman et al., 1961) . Because reduction of nitrate depends on photosynthesis and respiration (Salisbury and Ross, 1969) , which are inhibited by triazine accumulation (Smith and Buchholtz, 1962 (Table  1) . Precipitation was near average in the first three quarters of the cropyear of 1971. Summer moisture was below average. Precipitation in the cropyear of 1972 was essentially the reverse of 1971. Moisture was below average in the fall, winter, and spring, and above average in the summer.
Results
The 3.4-kg/ha rate of all compounds produced significantly higher concentrations of protein than the 1 .l -kg rate-an increase of 24% as compared with 10%. The single most effective herbicide treatment for increasing protein was 3.4 kg/ha of atrazine.
This treatment increased protein concentration an average of 29% over the 3 years. Since spring applications produced similar to slightly greater increases in protein concentration and protein yield than fall applications, the following discussion of treatment responses is limited to the spring applications.
Triazine Effects
The three s-triazine herbicides were each applied at 0, 1.1, and 3.4 kg active ingredient/ha in factorial combination with ammonium nitrate fertilizer at rates of 0, 22, and 45 kg N/ha. The herbicides were applied as an 80% wettable powder in aqueous solution containing 0.15% of nonionic surfactant at a volume of 187 liters/ha (20 gallons/acre) with a compressed air sprayer. The fertilizer was broadcast on the surface in pellet form.
All three herbicides significantly increased protein concentrations in
Protein concentrations of herbage were highest in June and steadily decreased during the summer, reaching lowest levels in September ( Table 2) . The interaction between herbicide treatments and months of harvest was significant. At the June harvest, protein concentrations were significantly greater for atrazine than for simazine or 
The triazine compounds alone did not affect average herbage yields or protein yields. Herbage yields increased from June to July and then decreased, whereas protein yields steadily decreased from June through September (Table 2) .
In June 1972, after three annually repeated applications, the 1 .l -kg rate of atrazine and the 3.4-kg rate of all three triazine compounds temporarily increased nitrat e-N significantly above the untreated control (Table 3 ). The low rate of atrazine nearly doubled the concentration of nitrate-N. The high rate of all three triazines increased nitrate-N more than 200%. By July 1972, none of the triazines had any effect on nitrate-N. These concentrations of nitrate-N reveal an improvement in the nitrogen status of plants (Hylton et al., 1970) without creating the hazard 6f nitrate poisoning for cattle. 1970 and 1972, 56 and 55 kg/ha respectively, but significantly less in 1971,49kg/ha. Herbage yields were reduced in June 1972 by the 3.4-kg rate of application of all three herbicides, and protein yields were reduced by the high rate of atrazine (Table 4) . Herbage yields were reduced also in September by the high rate of both simazine and atrazine, and in June 1971. The low rate of simazine and the high rate of cyanazine produced the highest herbage and protein yields in 1972.
Nitrogen Fertilizer Effects
Nitrogen fertilizer alone increased protein concentrations, herbage yields, protein yields, and nitrate-N concentration (Table 5 ). Increases were in direct proportion to the amounts of N applied. The 22 kg N/ha increased average protein concentration 17%, and the 45 kg N/ha increased it 25%. The 22-and 45-kg rates of N increased average herbage yields 14 and 18%; yields of protein 30 and 44%; and nitrate-N concentration in June 1972 by 106 and 150%, respectively. The increases in nitrate-N concentration were temporary. In July 1972, N fertilizer had no effect on concentrationof nitrate-N. Herbage yields were reduced in the drought year of 1972 by 45 kg N/ha to levels below those produced by 22 kg N/ha in 3 of the 4 months of harvest (Table 6 ). Protein yields were reduced similarly in the first and last months of harvest.
Combination Effects
The interaction between herbicide treatments and rates of N was not significant during 1970 and 197 1 for either protein concentrations, herbage yields, protein yields, or nitrate-N concentrations.
Therefore, the individual effects of the herbicide and N treatments were essentially additive.
However, in 1972, several interaction effects of herbicide and N combinations were significant. In 1972, most herbicide treatments increased protein concentrations about the same with or without N fertilizer. The 3.4-kg/ha rate of atrazine increased protein concentrations most in the absence of N, and progressively less as the rate of fertilizer increased. Average herbage yields decreased 10 to 20% with 3.4 kg/ha of all three herbicides when combined with 45 kg N/ha. Atrazine caused the largest decrease.
The combined effects of herbicide and N treatments on protein yields over the 3 years are shown in Figure 1 . The highest average yield of protein was produced by 1 .l kg/ha of atrazine and 45 kg N/ha. This combination treatment increased protein yields 92% over the untreated control, 57% over atrazine alone, and 17% over N alone. The combination treatment of 3.4 kg of atrazine and 45 kg N reduced protein yield below that produced by the N alone. Treatments were applied in the spring ach year on the same plots.
Discussion and Conclusions
Two of the three triazine herbicides studied, atrazine and simazine, consistently increased crude protein concentration of range herbage. Both of these herbicides were more effective than cyanazine.
The triazine herbicides produced the greatest increases in protein concentration at the first harvest after application.
The increases became progressively smaller during July and August, but remained nearly constant from August to September.
Atrazine was more effective than simazine during the early part of the growing season. However, atrazine lost its effectiveness more rapidly during the growing season than did simazine. By the last harvest of the growing season, the effects of atrazine and simazine were about equal.
Increased (unpublished) show that rates of 1.7 to 2.2 kg AI/ha of atrazine decrease cool-season grasses on this range. Simazine similarly affects plant composition. In view of this, the 1 .l -kg rate of simazine is more desirable than the 3.4 kg rate.
The N fertilizer also increased protein concentrations, increased yields of protein, and equally important, also increased herbage yields. The N effects were additive to the effects of the t r ia zine herbicides for increasing protein concentrations and yields.
The reduction in herbage yields from the high rate of fertilizer in the drought year of 1972 was undesirable. Decreased stands of several species (unpublished data) accompanied the reductions in yields. Since fertilizer applied at 22 kg N/ha increased herbage and protein yields in all years, fertilization should be restricted to the lower rate.
Increases in nitrate-N concentrations of range forage from applications of triazine herbicides and from N fertilizer were not of practical significance for livestock production. The highest level of nitrate-N found during the study was 600 ppm in June 1972, after 3 years of repeated applications. This concentration of nitrate-N was considerably less than the 2,000 ppm concentration considered toxic to livestock (Bradley et al., 1940) .
The most effective combinations of treatments for increasing protein concentration of herbage during the study were either 3.4 kg atrazine or 3.4 kg simazine with 45 kg N. These comb ination treatments increased protein concentrations an average of 60%, but also reduced herbage and protein yields during drought. The treatment producing the greatest average increases in herbage and protein yield was the combination of 1 .l kg atrazine and 45 kg N. This combination treatment increased overall herbage yield an average of 30% and protein yield an average of 90%, which is somewhat less than the increase in protein yield of 126% previously reported for the same combination treatment on the same range site (Houston and van der Sluijs, 1973) .
The most practical treatment for increasing protein concentrations, herbage yields, and protein yields for fall and winter use with least risk of depressing herbage and protein yields during drought years is the combination of 1.1 kg of simazine and 22 kg N/ha. In September 1972, probably the most critical month during the study for severe drought effects, this treatment combination increased protein concentration 54%, had no effect on herbage yield, and increased production of protein 48%. This treatment combination should be further evaluated in grazing studies.
